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1.1. Preface
Problems in developing countries with regards to orthopaedic trauma surgery
There are many problems in developing countries which may, more than in the western 
world, result in the occurrence of musculoskeletal injuries. First of all, natural disasters like 
earthquakes are known to happen in several developing countries, especially in Indonesia. 
Secondly,	traffic	accidents,	giving	rise	to	an	enormous	number	of	musculoskeletal	injuries	are	
expected to increase due to the swelling number of vehicles on the roads. Also the speed with 
which these vehicles are being driven is higher than in former days, without a concomitant 
increase	in	the	proper	infrastructure	such	as	the	roads	and	traffic	management	system.	Since	
these accidents involve a great number of fractures there is a growing need for orthopaedic 
implants such as plates and screws and other appliances in the developing world. 
There are economic disparities between the developed and developing world, for instance 
insurance coverage in developing countries is low. The majority of the patients who suffer 
from	injuries	sustained	due	to	traffic	accidents	have	to	pay	cash	out	of	their	pockets	to	get	
proper treatment. This is for many of them very hard due to their low income, since most 
of them require surgery with the use of implants to stabilize the fractures sustained.  These 
implants are mostly imported from the developed countries, in particular Switzerland where 
they are being manufactured. This in turn prevents some medical centers from obtaining the 
most recent applications of this expensive technology. ”Yesterday” technology may however, 
still be used safely in Indonesia if a good quality of the implant together with an appropriate 
medical indication and technique of the operation involved is applied. 
Biomaterials issues in orthopaedic trauma surgery 
Since the beginning of fracture treatment, the implantation of plates and screws as well as 
other	orthopaedic	devices	like	intramedullary	devices	and	external	fixators	has	been	the	
standard	treatment	of	surgical	stabilization.	Plates	for	internal	fixation	of	fractures	have	
been used for more than 100 years, i.e since it was introduced by Lane in 1895. Initial 
shortcomings	such	as	corrosion	and	insufficient	strength	have	been	overcome	to	some	extent	
after the utilization of implant grade materials such as 316 L stainless steel and titanium 
alloys. Since the cost of imported implants is high, and 316 L stainless steel is available in 
Indonesia,	there	are	small	home	based	manufacturers	producing	orthopaedic	devices	to	fulfill	Introduction
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the community need. These devices have gone freely to the market, and are being used by 
some	orthopaedic	surgeons	in	their	daily	clinical	practice.	There	is	unfortunately	no	scientific	
evaluation of the quality of these Indonesian-made orthopaedic devices. Most orthopaedic 
surgeons are aware of this shortcoming and therefor are reluctant to use them.
1.2. Treating  natural  disaster  victims  is  dealing  with  shortages  – An  orthopaedics 
perspective
A heavy earthquake, with a magnitude of 6.3 on the Richter scale, struck the Indonesian 
island Java on 27 May 2006 at 05:54 local time around 25 km south-southeast of the city of 
Jogjakarta. The earthquake caused 5,782 deaths, while 36,299 people were injured, 135,000 
houses damaged, and an estimated 1.5 million people were left homeless. The Tsunami of 
26 December 20041 caused world-wide 186,983 deaths, 125.000 injured and 42,883 missing 
persons.
Earthquake and Tsunami casualties are known to suffer mainly from musculoskeletal 
injuries, especially fractures due to collapsed walls and other building structures. After 
the Jogjakarta earthquake, almost 60% of all injured people were casualties with fractures 
requiring orthopaedic surgery (Figure 1). This constituted an impossible task for the seven 
orthopaedic surgeons practicing in the city of Jogjakarta. In addition, many paramedics 
happened to live in the Bantul district, which suffered most from the earthquake. The board of 
directors of the Indonesian Orthopaedic Association (PABOI) and the National Coordination 
Board for Disaster (BAKORNAS) responded fast to this disaster and directed orthopaedic 
surgeons and surgery teams from almost all over Indonesia to Jogjakarta to assist in treating 
the casualties. These and foreign relieve teams had to reach Jogjakarta by car or via the 
nearby airport of Solo, since the Jogjakarta airport and railway station were closed due to 
heavy	damage.	During	the	first	days	after	the	earthquake,	surgical	teams	worked	around	the	
clock, mostly doing debridement of wounds and provisional stabilisation of fractures.Chapter 1
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In Sardjito General Hospital, the referral hospital in Jogjakarta, 15 surgery teams 
worked simultaneously, and within 3 x 24 hours the acute phase for all casualties was 
considered over (Tables 1 – 4). That was only the beginning, however, of the overall 
work	to	be	done,	because	now	patients	either	needed	definitive	surgery	for	their	fractures,	
or  a  second  operation  for  infected  wounds.  Infections  were  rampant  since  antibiotics, 
mandatory in the treatment of open fractures, were not available for such large numbers of 
casualties.	Moreover,	often	the	definitive	fixation	of	fractures	was	impossible	due	to	lack	
of	osteosynthesis	plates,	screws,	nails	and	external	fixators,	which	all	have	to	be	imported	
from Western countries (Figure 2). 
The  lack  of  bone  plates  has  three  causes.  First,  imported  bone  plates  are  very 
expensive.	Although	not	officially	stated,	the	Indonesian	ministry	of	health	initially	said	
that their budget could only provide surgical implants for one thousand patients, which is 
only a fraction of the number of patients in need of a bone plate. Moreover, most people in 
Indonesia have no health care insurance. When they suffer from illnesses, like fractures due to 
Figure 1. Earthquake and tsunami victimsIntroduction
5Chapter 1
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the	frequently	occuring	traffic	accidents,	and	need	surgery,	they	usually	cannot	afford	the	
high costs of an operation and imported osteosynthesis plates. An orthopaedic operation 
using an osteosynthesis plate in Indonesia costs about USD 700 or more. Considering that the 
Gross Domestic Product (GDP) in Indonesia is USD 3,390, while only USD 110 is spent on 
health care per capita per annum2, it becomes clear that adequate treatment for the earthquake 
victims according to Western standards is impossible. Secondly, importing bone plates from 
Europe is performed by Synthes Indonesia, the local representative of the European bone 
plate	manufacturer	(Synthes	Representative	Office	Indonesia,	through	PT	Merapi	Utama	
Farma). Synthes Indonesia does not have that many implants in stock and even collecting 
plates	and	screws	from	nearby	countries	did	not	yield	a	sufficient	number	of	plates	to	treat	all	
victims. Thirdly, donated surgical instruments and implants from overseas were delayed after 
arrival due to custom procedures and destroyed transport connections3. 
Figure	2.	Fracture	fixation	using	osteosynthesis	plateIntroduction
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In order to overcome the shortage of surgical implants, implants can be re-used 
after appropriate cleaning4, but this is only done reluctantly and the availability of used 
bone plates is decreasing. The second alternative is utilization of local resources. Locally 
produced osteosynthesis plates are much cheaper and can be obtained faster than from 
abroad. In Indonesia there are at least four local manufacturers producing bone plates. Until 
recently, only a few Indonesian orthopaedic surgeons were willing to use locally produced 
osteosynthesis	plates	because	there	is	no	scientific	evidence	available	of	their	quality.	Locally	
produced bone plates have to be proven safe to use, and meet the international standards 
with regard to surface properties like roughness and wettability in relation to the biomaterial 
centered infection, and with regard to mechanical properties like strength and resistance to 
fatigue, in order to convince orthopaedic surgeons to use them. Lack of knowledge on testing 
procedures and lack of testing equipment in Indonesia and other developing countries prevents 
rigorous studies on the quality of bone plates produced locally in the developing countries. 
Simultaneously,	unawareness,	lack	of	scientific	challenge	and	associated	poor	chances	of	
acceptance	of	scientific	manuscripts	dealing	with	evaluations	of	biomedical	products	made	
in developing countries, have demotivated scientists in the Western world to undertake such 
necessary studies. Incidentally it is noted, that other major disasters, like the south Asian 
Tsunami in the Indian ocean, and Katrina Hurricane in New Orleans experienced similar 
problems5,6. Long-term recovery and rehabilitation in the presence of the above described 
shortages are poorly understood, which constitutes a continuous threat to the victims, even 
many years after the disaster. Because the international attention is fading rapidly within days 
after a disaster7, international support for long-term recovery and rehabilitation programs is 
only limited. 
Through this paper we would like to urge the international community to include 
locally	produced	biomedical	products,	like	osteosynthesis	plates	in	their	scientific	evaluations	
and communications. International research on these products should be stimulated and 
considered in peer-reviewed journals. When the quality of local products is proven, the 
reluctance to use local products also by surgeons from developing countries, will disappear 
and larger scale production can be initiated. This in its turn, solves many transport problems 
after natural disasters. As an extra advantage, local economies will be stimulated on an 
efficient	and	effective	way.Chapter 1
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1.3.  Analysis of Indonesian explanted bone plates
In order to study the quality of locally produced Narrow Dynamic Compression Plates 
Narrow DCP), the most commonly used osteosynthesis plates in orthopaedic trauma surgery 
in developing countries, a small retrieval study was set up. Five surgeons from four different 
centers across Java were approached and agreed to cooperate in this study. A larger scale 
study would have been envied, but turned out to be impossible due to the reluctancy of most 
surgeons to cooperate, while in addition most of the patients wanted to keep their bone plates 
in order to sell them to other patients. Informed consent was asked from patients to have 
their explanted plates kept by the surgeon. Surgeons were asked to provide relevant clinical 
information of each patient such as the age of patient, body weight, the duration of in situ 
(inside the body) use of the plate, and the reason for explantation. During a 1-year retrieval 
period of study, only 21 explanted Indonesian Narrow DCPs were received out of about 
30 operations, as several patients refused the consent. Fourteen plates were from Marthys 
(local	home-industry	in	Surabaya),	three	from	Osfix	(local	home-industry	in	Surabaya),	two	
from FAB (local home-industry in Bandung), and two from Cimahi (local home-industry in 
Bandung). Note that the ratio between the number of plates involved from each company is 
roughly in accordance with the market shares of the four different local manufacturers across 
Indonesia.
Plates  were  examined  for  evidence  of  mechanical  damage  and  corrosion.  Three  plates 
appeared to be broken. One broken plate was from a 70 year old male and broke only 3 
months after operation, while the other two broken plates were from 40 and 35 year old 
males and these broke six months post-operatively. All broken plates were from Marthys. 
The weights of all patients with broken plates were about the same, i.e. 60 kg, while the 
average weight of the entire group of patients was 55 ± 13 kg. All plates were broken at the 
inner most screw hole, which did not contain a screw. All plates broke during their service 
before the required time for bone healing had elapsed (about 6 months for solid union of 
bone8), while surgical procedures during implantation were considered correct and a proper 
rehabilitation program after the operation had been initiated in all patients. Signs of corrosion 
on	the	surface	of	the	plates	nearby	the	screw	hole	and	crevice/interface	corrosion	in	screw	
holes were found in three plates that had been in situ for more than 18 months (two plates 
from Marthys and one from Cimahi).Introduction
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From this limited study, it can be concluded that the risks involved in using locally produced 
Indonesian osteosynthesis plates are considerable, justifying the reluctance of many Indonesian 
orthopaedic  surgeons  to  use  locally  produced  osteosynthesis  plates.  This  small  study 
furthermore suggests that the quality of locally produced plates is lower than of the standard 
AO	Narrow	Dynamic	Compression	Plates	(Arbeitsgemeinschaft	für	Osteosynthesefragen	/	
Association for the Study of Internal Fixation Davos, Switzerland)9. 
1.4.  Goals of this thesis
The	 first	 goal	 of	 this	 thesis	 was	 to	 determine	 the	 quality	 of	 locally	 produced	 Narrow	
Dynamic	Compression	plates,	as	defined	by	their	surface	physico-chemical	and	mechanical	
properties. Surface properties like corrosion resistance, roughness and wettability determine 
the acceptance of the material by the body, and their infection resistance10,11. Mechanical 
properties  like  strength,  resistance  to  fatigue  and  stiffness  determine  their  lifetime  and 
effectiveness in maintaining a relatively motion-free environment for bone healing. These 
aspects are important tools to convince orthopaedic surgeons to use or not to use locally 
produced bone plates.
The second goal was to suggest changes in the local manufacturing processes in order to 
realize improved osteosynthesis plates, with properties that are comparable to the golden 
standard, i.e.  the AO Narrow Dynamic Compression Plate. 
Plates  produced  by  the  four  Indonesian  manufacturers,  mentioned  in  Chapter  1.2  were 
evaluated  for  surface  and  mechanical  properties.  In  chapter  2,  surface  properties  were 
evaluated,  including  water  contact  angles,  surface  roughnesses  and  elemental  surface 
compositions by X-ray photoelectron spectroscopy (XPS) in order to reveal the surface 
condition after the manufacturing process. Bulk chemical composition was evaluated using 
energy-dispersive X-ray spectroscopy (EDXS). The corrosion resistance of the plates in vitro 
was	determined	in	phosphate	buffered	saline	(PBS),	which	mimicks	natural	body	fluids	with	
respect to ionic strength. Chapter 1
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In chapter 3, mechanical properties of the locally produced plates were evaluated, including 
their elastic limit and their fatigue strength. Geometry of the plates and the bulk properties 
including the grain size, grain orientation and micro hardness were also taken into account.
In chapter 4, proposals are made and evaluated to increase the strength of the plates using 
simple means. Metals can be strengthened by mechanical deformation. Heavy deformation 
is	one	of	the	conventional	ways	which	can	strengthen	a	metal	through	refinement	of	its	
microstructure12.  The  most  recent  improvement  is  the  emergence  of  nanocrystalline 
materials. According to the relation between mechanical properties and observed grain size 
(Hall-Petch relationship), a nanostructured material will have greatly enhanced mechanical 
properties compared to larger grained counterparts13. Failures of materials mostly initiate 
from	the	surface,	where	the	stresses	are	highest.	Therefore	surface	modification	by	creating	
a nanostructured surface layer can be expected to improve the mechanical properties of the 
material,	especially	its	fatigue	strength.	Refinement	of	the	grain	size	on	the	surface	without	
changing the structure of the coarse-grained matrix can be done by using a recently developed 
surface  mechanical  attrition  treatment  (SMAT).  This  treatment  basically  transforms  the 
microstructure of the surface into a nanostructured surface layer by means of introducing a 
large	amount	of	defects	and/or	interfaces	into	the	surface	layer14,15,16. Both heavy deformation 
and SMAT were applied to Indonesian plates and evaluated by determining the fatigue 
strength of treated plates.
Chapter 5 constitutes a general discussion of what has been achieved and the feasibility of 
implementing the suggestions developed for local manufacturing processes in developing 
countries. Recommendations for the manufacturers to produce plates with a comparable 
performance to AO standard plate, based as much as possible on their local traditions, are 
listed, as well as for treating physicians using locally produced plates.
 Introduction
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stainless steel and its thermal stability. Mater Sci Eng A. 2007;445-446: 281-8.In orthopaedic trauma surgery, osteosynthesis plates are frequently applied to stabilize bone 
fractures. The demand for such plates in Indonesia is higher than the world average due 
to	the	high	incidence	of	traffic	accidents	and	natural	disasters.	Osteosynthesis	plates	are	
imported from abroad. Their price however, is relatively high and prevents general use. At 
the same time, Indonesian-made osteosynthesis plates are available all around the country at 
affordable prices, but these are hardly used, because the quality of those plates is unknown 
due	to	the	lack	of	proper	scientific	evaluation.	Surface	properties	like	hydrophobicity	and	
roughness	represent	the	surface	finish	of	the	material,	and	may	influence	microbial	adhesion	
and	associated	infection	risk.	Surface	finish,	bulk	material	composition	and	residual	stresses	
influence	the	susceptibility	of	a	plate	to	corrosion.	In	this	study,	plates	from	four	Indonesian	
manufacturers were compared to  standard AO plates with respect to hydrophobicity, surface 
roughness, and corrosion susceptibility. The Narrow Dynamic Compression Plate (DCP) 
made of AISI 316L stainless steel is one of the most frequently used osteosynthesis plates and 
hence used in this study. Indonesian plates were equally hydrophobic and slightly smoother 
than the standard AO-plates. Plates from some Indonesian manufacturers possessed less 
resistance to pitting and crevice corrosion than standard AO- plates, due to the use of a lower 
quality steel. The conclusion is that Indonesian manufacturers should use 316L implant grade 
stainless steel, and quality control measures are recommended. 
 Chapter 2
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INTRODUCTION
In  orthopedic  trauma  surgery,  the  application  of  osteosynthesis  plates  and  screws  has 
been	one	of	the	frequently	applied	methods	of	fixation	for	more	than	100	years.	Its	use	
was started by Lane in 1895, and its world-wide use was introduced after the work of the 
Arbeitsgemeinschaft fur Osteosynthesefragen	/	Association	for	the	Study	of	Internal	Fixation	
(AO/ASIF)	in	the	late	1960s.	The	initial	plate	material	used	in	Lane’s	era	had	a	very	high	
incidence of corrosion, when used in a biological environment. Gradual increase in knowledge 
of metals and alloys led to the introduction of stainless steel followed by titanium for implant 
materials in the early 1990s. The latest development is the application of a biodegradable 
material that does not require removal1.
Even the most biocompatible biomaterial suffers from two major threats during its service.   
One is the occurrence of biomaterials centred infection (BCI)2. BCI is caused by an infectious 
biofilm	adhering	on	the	biomaterial	surface.	Microorganisms	present	in	a	biofilm	require	500	
to 5000 times higher levels of antibiotics for effective killing as compared to planktonic 
organisms	in	the	blood	stream	or	in	urine.	Biofilm	formation	starts	with	initially	reversible	
adhesion of microorganisms to a surface which later matures into an irreversible bond. The 
initial interaction depends, amongst others, on the surface properties of the implant material, 
such as its hydrophobicity3,4. The second major threat is the degradation or corrosion of 
metallic biomaterials, which may lead to formation of toxic corrosion products in addition to 
reducing the lifetime of the implant1,5. 
Osteosynthesis plates are made of 316L stainless steel, which possesses high resistance 
against generalized corrosion. This austenitic stainless steel follows the requirements set 
by the American Iron and Steel Institute (AISI), in accordance with ISO standards 5832-1 
and 5832-9, and ASTM F138 and F1396. Corrosion of osteosynthesis plates made of 316L 
stainless steels is, however, clinically observed, indicating that the susceptibility of such 
plates to corrosion deserves further attention7,8. Active-passive alloys bearing a protective 
oxide	film	like	stainless	steel,	are	prone	to	localized	corrosion	i.e.	corrosion	in	narrow	spaces.	
Localized corrosion can take place in two ways - pitting and crevice corrosion. Pitting can 
take	place	at	open,	flat	surfaces	and	is	frequently	induced	by	defects	on	the	material	surface	
or	by	randomly	occurring	defects	in	the	oxide	film.	Crevice	corrosion	as	the	name	suggests,	
needs crevices. When an osteosynthesis plate is applied on bone, thin gaps (crevices) will Surface properties
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form between the plate and screws and between the plate and bone, yielding a perfect place 
for crevice corrosion to take place9.
The susceptibility of materials to these types of corrosion can be tested by electrochemical 
methods, i.e. by polarizing the surface to simulate highly corrosive conditions, from which 
the breakdown of the protective oxide layer can be studied10,11. Cyclic potentiodynamic 
polarization is one of the electrochemical methods in which a material is polarized starting 
from	an	equilibrium	open	circuit	potential	(OCP/Ecorr, the corrosion potential acquired by the 
sample when left alone). The potential is increased gradually in the positive direction making 
the sample anodic, during which the electric current density (indicator of the corrosion rate) 
is recorded continuously. The breakdown potential (Ebr) is dictated by a sudden increase 
in current representing the breakdown of the protective oxide layer on plate surface and 
metals start dissolving. The current density under passivated conditions (Jpass) determine the 
quality of the passivation applied. The lower the Jpass the better passivation is achieved. Upon 
reaching a certain potential, the direction of potential change is reversed till it again reaches 
the open circuit potential. An example of a typical polarization curve is shown in Figure 1. 
Figure 1.   An example of typical cyclic potentiodynamic polarization curve as one of the 
electrochemical testing method for corrosion of metals.Chapter 2
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The	incidence	of	trauma	in	Indonesia	is	high,	especially	due	to	the	high	incidence	of	traffic	
accidents and natural disasters. This makes the demand for osteosynthesis plates high, because 
most of the high energy extremity injuries and ensuing fractures need surgical treatment and 
stabilization with the use of plates and screws. Although Indonesian manufacturers provide 
cheap and affordable osteosynthesis plates, commonly used plates are imported from abroad 
and are thus relatively expensive. Indonesian plates are less popular, because systematic 
scientific	evaluations	of	their	properties	are	lacking.	The	Narrow	Dynamic	Compression	
Plate (DCP) is one of the most frequently used osteosynthesis plate (about 30% of all 
osteosynthesis plates) and hence used in this study. 
In this chapter we determine the physicochemical properties and susceptibility to localized 
corrosion of Indonesian Narrow Dynamic Compression plates in comparison to the European 
standard AO-plate.
MATERIALS AND METHODS
Osteosynthesis plates
Narrow	Dynamic	Compression	plates	from	five	different	manufacturers	-	standard	AO	plates	
from Synthes (Mathys Medical, Switzerland) (designated as S) and 4 different Indonesian 
manufacturers, designated A, B, C, and D were used in the study. The plates were meant for 
4.5 mm screws and contained 6 holes each (see Figures 2a and 2b). All plates were said to 
be manufactured from stainless steel, and Indonesian manufacturers used locally available 
machinery for their preparation.
Figure 2. Narrow Dynamic Compression Plate (a) Top view, (b) Bottom view
 (a)  (b)
Plate preparation
Plates were treated according to daily clinical practice in Indonesia. After arrival from the 
manufacturer, plates were cleaned with tap water, put in a double sterilization pack and 
finally	sterilized	in	an	autoclave	at	120oC	for	30	min	prior	to	evaluation.Surface properties
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Bulk chemical composition of the plates
Every plate from each manufacturer was cut by a rotating saw in one longitudinal and 
several transverse directions. The chemical composition of the transversely cut pieces was 
determined using a Spectrometer (WAS spectrometer, worldwide analytical system type PMI 
master pro 13L0086).
Water contact angles 
Water contact angles quantify the hydrophobicity of the plate surface, which may indicate its 
cleanliness. Contact angles were measured at room temperature. An entire plate was placed 
on the tray of the contact angle instrument and viewed with a camera system. The position of 
the camera was adjusted until the position of the plate in the monitor was level. Three sessile 
Milli-Q water droplets of 3 µL were put on the convex surface of each plate in the middle of 
the plate and in between two inner screw holes. The contact angle was subsequently measured 
using a tangent construction from a thresholded black-white image of a droplet and recorded. 
Ten plates from each manufacturer were used for the measurements. 
Surface roughness by profilometry
Roughness is a measure of the texture of a surface. The average roughness Ra is the average 
vertical deviation of a surface from an imaginary baseline. The surface roughness of the 
plates	was	determined	by	means	of	a	Profilometer	(Scantron,	Scantron	Industrial	Product	
Ltd, England). Surface roughness was determined at 6 spots, around one innermost hole, on 
convex and concave surfaces, within an area of 0.5 x 0.5 mm. 
Ten plates from each manufacturer were used for the measurements. Measurements were 
done with 50 steps for each area. 
Corrosion
Cyclic potentiodynamic polarization tests were performed using parameters according to 
ASTM standard no. F2129.
The	corrosion	study	consisted	of	two	parts.	In	the	first	part,	the	quality	of	the	bare	surface	
was evaluated in terms of its susceptibility to pitting. In the second part, the osteosynthesis 
plates	were	fixed	to	a	PMMA	block	using	screws	that	were	tightened	with	a	2.5	Nm	torque	
to simulate clinical application on bone12, creating crevices as formed between the screw-Chapter 2
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osteosynthesis plate, osteosynthesis plate-PMMA, and screw-PMMA. To further simulate 
the clinical environment, samples were immersed for seven days in phosphate buffered 
saline	(PBS)	(NaCl	8.76	g/l,	K2HPO4	1.4	g/l,	and	KH2PO4	0.27	g/l	at	pH	7.4)	at	37	±	1oC 
maintaining an oxygen concentration below 10 mm Hg by bubbling Argon in the solution12. 
The corrosion potential (open circuit potential) of the plates (plates act as working electrodes) 
was determined daily against a saturated calomel reference electrode (SCE, Radiometer) with 
platinum as counter electrode. Susceptibility to pitting and crevice corrosion was assayed 
by making potentiodynamic polarization curves. The specimens were polarized between 
the corrosion potential and 1.2 V or a current density of 10-3 A.cm-2 at a sweeping rate of 
0.001 V.s-1. The bone plate-buffer interface was evaluated using Electrochemical impedance 
spectroscopy (EIS) and modelled the response with either the Randles circuit or porous 
layer circuit (Fig. 3). All electrochemical measurements were performed on a Solartron 
1280B	electrochemical	unit	and	EIS	fitting	was	performed	using	a	Z	plot	software	(Z	plot	
for  windows,  Electrochemical  Impedance  Software  Operating  Manual,  Part  I,  Scribner 
Associates, Inc. Southern Pines, NC, 1998) by keeping the error less than 13% for all the 
parameters. 
For pitting and crevice corrosion, six plates from manufacturers A, B, C, and D, representing 
the Indonesian plates, were evaluated against six standard AO plates (Figure 3a).  
Figure 3. a) Randles circuit, b) porous layer circuit. (Rsol = electrolyte resistance; CPEdl = 
constant phase element of double layer; Rt = charge transfer resistance; CPEox = constant 
phase element of the oxides; Rpo = resistance of the porous or defects to the passage of the 
electrolyte; Rdl = resistance of double layer)
 (a)
 (b)Surface properties
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Figure 3a. Corrosion test set up for narrow DCP. The plate acts as the working electrode.
Statistics
The means and standard deviations of all parameters were calculated and mean values 
of plates from different manufacturers were compared using a Student t-test. Statistical 
significance	was	accepted	at	p	<	0.05.	
RESULTS 
Chemical composition
The chemical composition of implant quality 316 L stainless steel is based on the ISO 5832-1 
and ASTM F138 and F139. Table 1 presents the chemical composition of the materials used 
for fabrication of the plates from each manufacturer. Indonesian plates B, C and D contained 
considerably less nickel and molybdenum than standard plate, while only Indonesian plate A 
falls within the ISO 5832-1 and ASTM F138 and F139 requirements. Chapter 2
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Manufacturer
Elements (wt %)
Cr Ni Mo
%Cr + 3.3 x %Mo 
(Pitting Resistance 
Equivalent = PRE)
ISO 5832-1 and 
ASTM F138 and F139
17-19 13-15 2.25-3.5 ≥26
S 16.80 14.60 2.66 25.58
A 16.80 13.80 2.53 25.15
B 17.70 8.56 0.12 18.10
C 16.70 7.94 0.20 17.36
D 16.20 11.20 2.01 22.83
Table	1.		 Chemical	composition	of	narrow	DCP’s	from	manufacturers	A,	B,	C,	D	and	
standard plate (S)
Contact Angle Measurements
The average water contact angle of the standard plate was 87 ± 4 degrees. For Indonesian 
plates it ranged from 89 ± 3 degrees (plates from manufacturer A) to 92 ± 2 degrees (plates 
from	manufacturer	D).	These	differences	are	not	statistically	significant	(p	>	0.05)	(Figure	4).	
Figure 4.   Average water contact angles of narrow DCP from manufacturers A, B, C, D and 
standard plates (S) with error bars denoting standard deviations from 10 samples 
per bar.Surface properties
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Profilometry
The	results	of	the	profilometry	showed	that	plates	from	manufacturers	A	and	B	were	smoother	
than the standard plate (p = 0.039 and 0.012), and plates from manufacturers C and D were 
equally smooth as the standard plates (p = 0.216 and 0.453) (Figure 5). 
Figure 5.   Average roughnesses of narrow DCP from manufacturers A, B, C, D and standard 
plates (S) with error bars denoting standard deviations from 10 samples per bar.
Corrosion
Potentiodynamic polarization
Pitting Corrosion assays
The average corrosion potential (Ecorr) from manufacturer C was more positive than the 
standard  plate,  whereas  plates  from  other  manufacturers  showed  comparable  corrosion 
potentials as the standard plate. Plates from manufacturer C showed higher current density 
under  passivated  conditions  (Jpass),  whereas  plates  from  other  manufacturers  showed 
comparable Jpass to the standard plate (S). The pitting or breakdown potential (Ebr) of plates 
from	from	manufacturers	A,	B	and	D	were	significantly	lower	than	of	the	standard	plate	(S)	
(p	<	0.05)	(Table	2),	indicating	earlier	breakdown	of	the	protective	oxide	layer.
The cyclic polarization curve for pitting corrosion is shown in Figure 6a.Chapter 2
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Figure 6a.  Potentiodynamic assays for pitting set up comparing standard plate and Indonesian 
plates.
Table 2.   Result of pitting corrosion in potentiodynamic electrochemical experiments.
Manuf.
Pitting set up
Ecorr/	V	vs	SCE Jpass/	A.cm-2 Ebr/	V	vs	SCE
S -0.08 ±0.09 3.32 ± 0.12 x 10-7 0.50±0. 08
A -0.02 ±0.07 2.68 ± 1.21 x 10-7 0.47±0.12
B -0.08 ±0.03 3.31 ± 0.97 x 10-7 0.37±0.12
C 0.03 ±0.01 6.19 ± 0.98 x 10-7 0.53±0.09
D -0.08 ±0.04 3.33 ± 0.67 x 10-7 0.36±0.15Surface properties
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Crevice Corrosion
Comparison of the values for Jpass and Ebr for individual manufacturers between Tables 2 and 
3 shows that under crevice conditions, the osteosynthesis plates are more prone to corrosion, 
as the Jpass are systematically higher and Ebr lower than under pitting corrosion conditions. 
Inter-manufacturer  comparison  shows  that  the  average  corrosion  potential  (Ecorr)  for 
manufacturer C and D was more positive than for the standard plate, whereas plates from 
other manufacturers showed comparable corrosion potential as the standard plate (S). Plates 
from	manufacturers	C	and	D	showed	significantly	higher	current	densities	under	passivated	
conditions (Jpass)	(p	<	0.05),	whereas	plates	from	other	manufacturers	showed	comparable	Jpass 
to	the	standard	plate	(S)	(p	>	0.05).	The	pitting	or	breakdown	potentials	(Ebr) of all Indonesian 
plates	were	significantly	lower	than	of	standard	plates	(Table	3)	(p	<	0.05),	indicating	earlier	
breakdown of the protective oxide layer. Cyclic polarization curves for crevice corrosion are 
shown in Figure 6b.
Figure 6b.  Potentiodynamic  assays  under  crevice  conditions  comparing  standard  and 
Indonesian plates.Chapter 2
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Table 3.   Result of crevice corrosion in potentiodynamic electrochemical experiments.
Manuf.
Crevice set up
Ecorr/	V	vs	SCE Jpass/A.cm-2 Ebr/	V	vs	SCE
S -0.07 ± 0.01 4.26 ± 0.35 x 10-7 0.42 ± 0.01
A -0.01 ± 0.01 2.63 ± 0.65 x 10-7 0.30 ± 0.01
B -0.09 ± 0.03 4.57 ± 0.25 x 10-7 0.31 ± 0.01
C -0.12 ± 0.08 10.1 ± 0.75 x 10-7 0.34 ± 0.13
D -0.12 ± 0.03 7.37 ± 0.42 x 10-7 0.29 ± 0.11
Electrochemical Impedance Spectroscopy: (EIS)
Table	4	shows	that	the	resistance	offered	by	the	porous	oxide	film	(Rpo)	was	highest	for	the	
standard plates (332) and lowest for the plates from manufacturer C (152) as compared to all 
the other Indonesian plates. This indicated a stable layer of the standard plates, but a broken 
film	on	the	plates	from	manufacturer	C	making	them	susceptible	to	dissolution	as	seen	with	
high values of Jpass during potentiodynamic polarization.
Table	4.		 Resistance	offered	by	the	porous	oxide	film	of	plates	from	manufacturers	A,	B,	C,	
D, and of standard plates (S)
Manufacturers Rpo/Ωcm2
S 332
A 217
B 293
C 152
D 308
DISCUSSION
Chemical composition
Implant	 quality	 316	 L	 stainless	 steel	 has	 significantly	 higher	 nickel	 content	 than	 the	
commercial quality, which is intended to maintain an austenitic non-magnetic structure13. 
Lower nickel content in the Indonesian plates could indicate that the manufacturers of such Surface properties
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plates use commercial 316 L instead of implant grade. The implant grade material is 316 
LVM (vacuum melted) which has a chemical composition, according to ISO 5832-1 and 
ASTM F138 and F139. The very low molybdenum content in the plates from manufacturers 
B and C suggests that the material used was stainless steel 304.  
Water contact angle
All Indonesian plates were found to be equally hydrophobic as the standard AO plates. 
This could represent the equal cleanliness between Indonesian plate and AO standard plate. 
Chemically cleaned 316L stainless steel usually has a lower water contact angle between 60 
and 70 degrees14. Bacterial adhesion depends in part on the physicochemical properties of 
the bacteria and those of the biomaterial surface. Bacterial adhesion and retention is low, for 
example, on hydrophobic surfaces3,4,15. Since the difference in water contact angles between 
Indonesian plates and the standard plate was small, we do not anticipate a difference in the 
risk	of	biofilm	formation	for	the	Indonesian	plates.
Surface roughness
The surface of all Indonesian plates was found to be equally smooth as the standard AO 
plate.	This	represents	a	good	surface	finish.	Since	the	smoother	the	surface,	the	smaller	
the	tendency	of	bacteria	to	adhere,	grow	and	form	a	biofilm	therefore	Indonesian	plates	
do	not	carry	higher	risk	of	biofilm	formation16,17. Furthermore, the average roughness (Ra) 
of all plates was around 0.8 µm which is considered as an “hygienic” surface, because the 
roughness is less than the diameter of bacteria18,19.
Corrosion
Breakdown potential and corrosion potential in the crevice test were slightly lower than in 
the pitting test. This is in accordance with the expected behavior in the presence of crevices 
between screw head and plate hole which act as occluded regions where chemical changes 
can	more	easily	lead	to	breakdown	of	the	oxide	film9,20. 
Plates from manufacturers B, C and D showed higher current density under passivated 
condition and lower breakdown potential than the standard plate. These indicate higher 
susceptibility to corrosion of those Indonesian plates as compared to standard plate. Chapter 2
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Susceptibility to localized corrosion was not found to correlate with surface hydrophobicity 
or roughness but was clearly related to the difference in chemical composition of the material 
used 9,20, 21,22. The stainless steel used by manufacturers B, C, and D contained lower amounts 
of nickel than plates used by manufacturer A. In addition, plates from manufacturers B 
and C contained almost no molybdenum. Resistance against corrosion of stainless steel is 
warranted, if the pitting resistance equivalence (PRE:. %Cr + 3.3 x %Mo) is more than 266. 
Accordingly, since %Cr and %Mo in stainless steel from manufacturer B, C, and D was 
found to be not in accordance to the ISO Standard, it can be doubted whether the proper 
stainless steel was used. 
CONCLUSIONS
Indonesian plates are similarly hydrophobic and slightly smoother than the standard AO-
plates. 
However, Indonesian plate from some manufacturers possessed less resistance to pitting and 
crevice corrosion than standard AO- plates, most probably due to the use of lower quality 
steel. Indonesian manufacturers should use 316L implant grade stainless steel, and quality 
control measures are recommended. Surface properties
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INTRODUCTION
Osteosynthesis	plates	are	often	used	in	orthopaedic	trauma	surgery	to	provide	fixation	
of fractured bone. Osteosynthesis plates act as structural support for the bone during bone 
healing and as a stress sharing or shielding device, depending on the fracture type and the 
construct	of	the	fixation.	Plates	for	internal	fixation	of	fractures	have	been	used	for	more	
than	100	years.	In	1895,	Lane	first	introduced	a	metal	plate	for	use	in	internal	fixation.	
Subsequent developments were done by Lambotte, Sherman and Eggers. These early plates 
were	abandoned	due	to	insufficient	strength1,5. The concept of compression between fracture 
fragments was introduced by Danis in 1949 and led to the development of a plate design with 
oval holes to provide interfragmental compression during screw tightening by Bagby and Janes 
in	1958.	This	design	was	made	popular	by	Perren	from	the	AO/ASIF	(Arbeitsgemeinschaft 
fur Osteosynthesefragen/Association for the Study of Internal Fixation) in 1969 through the 
introduction of the dynamic compression plate (DCP)6,7. The development of plate design 
continued with the introduction of Limited Contact Dynamic Compression Plate (LC-DCP), 
claimed to have 50% less contact surface with the bone. Subsequently the Low Contact 
Plate (LCP) was introduced for use especially in porous bones. Nonetheless, there are some 
disadvantages in the use of LC-DCP when compared to DCP. DCP has a better fatigue 
strength, whereas furthermore it appeared that the contact area between these two kind of 
plates actually is the same8,9,10.
Commonly used metallic implant materials are stainless steel alloys, titanium alloys 
and cobalt chrome alloys10. Stainless steel 316 L is the most popular material for osteosynthesis 
plates as it is biocompatible with a high modulus of elasticity. The stainless steel 316 LVM 
(vacuum melted) is considered to be the implant grade material as the composition is in 
accordance to the ISO and ASTM standards. Compared to titanium, both lower material 
costs and ease of fabrication make 316L plates cheaper with the possibility of being locally 
produced all over the world10,11,12. 
The demand for osteosynthesis plates in developing countries in general and in Indonesia 
in particular is very high as the result of the high incidence of trauma. Imported osteosynthesis 
plates are expensive. Moreover, importing osteosynthesis plates in large numbers, as may 
be	necessary	during	disasters	like	earthquakes	or	tsunamis,	is	difficult	if	not	impossible.	Mechanical properties
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Therefore utilization of available locally produced osteosynthesis plates is mandatory. There 
are manufacturers in Indonesia producing osteosynthesis plates, but their plates are hardly 
applied, since the mechanical strength of these plates is unknown. 
The	strength	of	a	material	is	defined	as	the	ability	of	a	material	to	resist	deformation	or	
failure. When a certain force is applied to a metal exceeding its yield strength, the metal will 
undergo permanent, plastic deformation. Plastic deformation happens due to slip, i.e. layers 
of atoms within the lattice structure move in relation to adjacent layers of atoms as a result of 
movement of dislocations. Microstructural features such as grain boundaries act as barriers 
to slip. Decreasing the grain size through work hardening of metal tends to retard slip and 
thus increases the strength of the metal13. The types of load acting on an osteosynthesis plate 
are compression, bending, and torsion in which bending forces cause the highest stress4.  
Osteosynthesis  plates  should  have  a  high  fatigue  strength  as  well  the  ability  to 
withstand cyclic loads produced by muscle contractions and total body weight1,2. An average 
person takes 9.000 steps per day, equivalent to 4.500 steps for each leg3. Post implantation, 
the weight bearing phase starts in the second month and lasts for about 4 months until solid 
union of the bone is achieved4. Thus, an osteosynthesis plate needs to withstand about half 
a million cycles (4.500 steps x 120 days) with a peak load of the complete body weight and 
muscle forces. Some factors known to alter the conditions for fatigue are stress concentration, 
residual stresses, corrosion, high temperature (including body temperature), microstructure 
(grain size), surface defects and inclusions13. Surface defects initiate cracks. 
Both microstructural and surface defects are important for the osteosynthesis plates 
performance.  Yield  strength  of  bone  plate,  dictated  by  the  microstructural  features,  is 
important to bear the impact loadings, whereas the fatigue limit, dictated by both surface 
defects and microstructural features, is important to bear the cyclic loads during service14. 
The aim of this study was to determine the mechanical properties, i.e proportional 
limit and fatigue strength of Indonesian-made Narrow Dynamic Compression Plates (Narrow 
DCP) as one of the most frequently used osteosynthesis plates in comparison to European 
AO standard plates, and its relationship to microstructural features and surface defects of the 
plates.Chapter 3
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MATERIALS AND METHODS
DCP plates
Narrow	DCP’s	with	6	holes	produced	by	Synthes	(Mathys	Medical,	Switzerland)	are	used	as	
the standard AO plate (designated as S; Figure 1). Plates were obtained from 4 Indonesian 
manufacturers, designated as manufacturers A, B, C, and D. Two companies are located 
in Surabaya, and 2 companies are located in Bandung. Twenty plates were collected from 
each company. All plates were known to be manufactured of stainless steel with simple 
machinery.	The	material	composition	was	analysed	by	SEM/EDAX	and	depicted	in	Table	1.	
Screws were not studied, since screws are always imported from Europe.
Manufacturer
Elements (wt %)
Cr Ni Mo
ISO 5832-1 and 
ASTM F138 and F139
17-19 13-15 2.25-3.5
S 18.92 13.58 3.00
A 18.19   9.51 2.74
B 18.34   8.94 2.67
C 18.32   9.73 2.88
D 18.68   7.87 0.52
Figure 1:   Narrow Dynamic Compression Plate, (a) top view, (b) bottom view.
(a) (b)
Table	1.		 Chemical	composition	of	materials	of	narrow	DCP’s	from	different	manufacturers,	
determined	using	SEM/EDAX.Mechanical properties
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Geometry of the plates
The main dimensions of the plates were measured using a digital sliding caliper: length, 
thickness,  width,  the  maximum  medial  and  lateral  diameters  of  the  holes,  the  smallest 
width of the plate material next to a hole and the eccentricity of the hole, determined by the 
difference between the left and right smallest width represented the geometric dimension of 
the plate (see Figure 2). A transversal cut of the minimum cross section was made and used 
to determine the cross sectional area and the area moment of inertia. The dimensions of 10 
plates of two different batches per manufacturer were determined. 
Figure 2a. Geometry of the cross-section of the plate. w = width, hd = hole diameter, td = 
taper diameter, h = height, t = thickness, sw = smallest width.
Figure 2b. The four locations of measurement of the smallest material thickness next to a 
hole. 
Surface Defect Study 
The plates were studied visually for scratches and rough areas. Subsequently, nondestructive 
liquid penetrant inspection (LPI) was used to detect surface cracks. With this method, cracks 
up to 5 µm wide and 10 µm deep can be visualized14. LPI was carried out on 12 bone plates Chapter 3
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of	each	manufacturer	using	Spotcheck	Dye	Penetrant	Test	(Magnaflux,	3624	W.	Lake	Ave.	
Glenview, II 60026). First, all osteosynthesis plates were cleansed from dirt and grease using 
an accompanying grease remover and clean towel. The plates were subsequently dipped in 
penetrant oil for 25 min. Afterwards the remaining oil was wiped off and a developer was 
sprayed on each bone plate. Scratches and cracks present on the surface became visible 
as red spots or lines. Stereo-microscopic analysis was used to determine the nature of the 
indications. Per manufacturer, the total length of the scratches of all twelve plates was taken 
as a measure of the amount of surface defects.
Single cycle bending test
At	first	a	mechanical	single	cycle	bending	test	was	performed	to	determine	the	yield	strength.	
The tests were performed using a 4-point bending test setup (Figure 3) designed according to 
the ISO 9585: 1990 and ASTM F382-99 standards. The setup was installed in a Dyna-mess 
tensile	test	machine	(Dyna-mess	Prufsysteme	GmbH	Aachen/Stolberg	Germany,	maximum	
load 5 kN, maximum frequency 10 Hz) with accompanying software. These tests were 
performed with 10 plates per manufacturer. 
The tensile test machine provided an upward movement as suggested by the ISO 9585: 
1990 and ASTM F382-99 standards. Fixation of the bone plate to a roller at one side of 
the setup prevented horizontal movement of the plate, while roller bearings reduce friction. 
The	bone	plate	was	immersed	in	phosphate	buffered	saline	(PBS)	(NaCl	8.76	g/l,	K2HPO4 
1.4	g/l,	and	KH2PO4	0.27	g/l	at	pH	to7.4)	kept	at	37oC during measurements. The setup was 
manufactured from 316L stainless steel. To prevent corrosion fatigue of the setup, it was 
cathodically	protected	using	a	Zn	anode.	To	avoid	any	ion	exchange,	the	Zn	anode	was	kept	
in a separate reservoir (Figure 4). Electrical circuit was completed via a salt bridge (PBS + 
1.5% agar). 
The load was applied until the plate failed. The proportional limit of the plate as the reference 
value was taken as the point where the curve started to deviate from a straight line. The results 
from each manufacturer were averaged. To compensate for the differences in geometry the 
bending stress was calculated using the moment of inertia. This bending stress is an estimate, 
since the stress concentration is not included in the calculation due to the complex shape.  Mechanical properties
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Figure 3. Schematic representation and actual picture of the four point bending test setup for 
single cycle and fatigue tests. The bone plate is partly visible, partly represented by a dotted 
line.
Fatigue test in bending
Secondly, high cycle fatigue bending tests were performed. The fatigue tests in bending 
mode were performed on the same Dyna-mess testing machine and set-up at a frequency of 
5 Hz. Ten plates from each manufacturer were used for this test. The positive and sinusoidal 
load cycle was chosen such that the minimal load was 10% of the maximal load (R = 0.1). 
This minimum load was chosen to keep the bone plate loaded continuously and mimic the 
muscular forces which are active even in the swing phase of walking. The highest maximum 
load was taken as 95% of the proportional limit and then the following samples were tested 
at a continuously decreasing maximum load with steps of 5% of the proportional limit 
until a load (fatigue limit) was achieved where the bone plate could withstand 3 million Chapter 3
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cycles.	This	is	defined	as	the	fatigue	strength.	Wöhler	curves	were	fitted	to	the	applied	
load versus the number of cycles withstood for plates of each manufacturer. Plates from 
different	manufacturers	were	compared	based	on	the	fatigue	limit	and	Wöhler	curves.	After	
the fatigue test, the plates were photographed using a digital camera to document the location 
of the fracture.
Figure	4.	Cathodical	protection	using	a	Zn	cathode.
Grain size determination (Metallographic examination) 
After fatigue testing, all 10 samples of each manufacturer were cut to obtain four cross 
sections (Figure 5) with a Struers Discotom 5 table-top-cut off machine and embedded in a 6 
HQ compression mounting compound using a fully automatic Struers Labopress-3 mounting 
press with the following settings: heating time 6 min at 180oC, force 40 kN, cooling time 6 
min. Grinding was done using a Struers DAP V bench top laboratory grinder. Grinding was 
started with 240 grit number abrasive paper, and continued with the grit numbers 400, 600, 
1200,	and	4000	respectively.	To	remove	deformations	from	fine	grinding,	polishing	was	done	
with	colloidal	silica	particles	finer	than	1µm	on	a	neoprene	cloth.	Subsequently,	the	samples	
were etched to achieve microstructural contrast. The etching solution used was a mixture of 
1/3	distilled	water,	1/3	HCL	37%,	and	1/3	HNO3 65% at room temperature. Samples were 
immersed for 4 min in the solution, and subsequently rinsed in water and alcohol, and dried 
under hot air. Mechanical properties
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Samples	 were	 analyzed	 under	 a	 Leica	 DM	 2500	 optical	 microscope	 with	 bright	 field	
illumination. A  5  megapixels  Leica  DFC  420  digital  camera  system  connected  to  the 
microscope	was	used	to	take	pictures.	Pictures	were	taken	with	magnifications	of	50x,	100x,	
200x, 500x, and 1000x. Lines were drawn on top of a micrograph, and the number of grains 
that crossed each line was counted and the average number of grains over multiple images 
was calculated. The real grain size was obtained using a scale bar.
Hardness measurements
All 10 cross sections 3 and 4 of plates from each manufacturer were used for hardness 
measurement. Cross sections 1 and 2 have been excluded since the cylindrical rolls that 
support the specimens and supply the fatigue load, caused local plastic deformation. The 
Vickers indenter was forced into the surface of the plate. The extent of the indent after removal 
of	the	indenter	was	taken	as	a	measure	of	the	specimen’s	hardness.	Measurements	were	
performed with a manual Leitz microhardness system and with a Leco AMH43 automatic 
micro indentation testing system with a 200 g weight.
Figure  5.    Location  of  the  cross  sections  that  were  examined:  1)  grain  size  and  grain 
orientation, 2) minimum cross section, 3) and 4) hardness measurement.                         
Statistics
Results	were	analyzed	using	Statistic	Software	SPSS	version	17.0.	As	the	first	step,	the	
numerical data of single cycle bending test were analyzed using One-Sample Kolmogorov-
Smirnov Test to determine whether the distribution was normal or not. If the distribution 
was normal, an independent sample t-test was used to compare between the means of two 
groups. Data of the fatigue test in bending were analyzed using Linear Regression Analysis. 
Significance	was	set	at	p	<	0.05.	Chapter 3
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RESULTS 
Geometric data of the plates
Geometric data of the plates are shown in Tables 1, 2 and 3. All plates showed variations 
in geometry, and therefore the area moment of inertia was taken into consideration in the 
determination of the mechanical properties of the plates to exclude the effect of size and 
shape of the plate. The mean area of the cross section and area moment of inertia of the plates 
from each manufacturer are shown in Table 4.
Table 1.  Average and standard deviation of geometric plate data from manufacturers A, B, C, 
D, and for standard plates (S). See Figure 2 for exact measurement sites.
Manufacturer
Hole diameter (mm) Taper diameter (mm) Height (mm)
 Mean SD Mean SD Mean SD
S 5.58 0.07 8.05 0.09 4.29 0.06
A 5.45 0.11 8.02 0.04 3.98 0.06
B 5.35 0.12 8.50 0.00 3.92 0.10
C 4.72 0.04 7.78 0.10 4.90 0.08
D 6.14 0.11 7.93 0.05 4.92 0.09
Manufacturer
Thickness (mm) Width (mm) Length (mm)
  Mean SD  Mean SD  Mean SD
S 3.77 0.11 12.00 0.09 102.62 0.59
A 3.65 0.03 11.80 0.08 103.77 0.24
B 3.44 0.07 12.75 0.24 97.44 3.27
C 4.41 0.08 11.62 0.12 103.24 0.13
D 4.63 0.15 11.88 0.36 103.74 0.55Mechanical properties
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Table 2:   Smallest width next to a hole for plates of each manufacturer (in mm).
Manufacturers
S A B C D
Mean  SD Mean  SD Mean  SD Mean  SD Mean  SD
3.21 0.03 3.22 0.21 3.19 0.25 3.34 0.22 3.54 0.14
Table 3:   Eccentricity of the holes for plates of each manufacturer (in mm). 
Manufacturers
S A B C D
Mean  SD Mean  SD Mean  SD Mean  SD Mean  SD
0.01 0.01 0.20 0.03 0.26 0.01 0.14 0.04 0.28 0.15
Table 4.  Mean area of the cross section and area moment of inertia of plates from each 
manufacturer A, B, C, D, and of standard plates (S).
Manufacturer Area (mm2)
Area moment of inertia 
(mm4)
S 24.1 39.1
A 23.0 32.8
B 26.3 41.7
C 30.8 62.3
D 29.4 71.9
Surface Defect Study 
Liquid Penetrant Inspection (LPI) showed scratches and rough areas on most plates. They 
were present at the inner side of the gliding holes (as seen in Figure 6), and less prominent 
irregularities were found on the lateral sides and on the concave bottom side. The total length 
of the scratches of all plates is depicted in Figure 7. Chapter 3
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Figure 6.   Photographs  of  the  plate  holes  viewed  from  above  showing  typical  surface 
defects visible on an Indonesian Narrow DCP (Manufacturer D) as compared to 
the standard plate. The location of the pictures is presented above.
Figure 7: Total lengths of surface scratches on all plates from manufacturers A, B, C, D and 
of the standard plates (S) with error bars denoting standard deviations from 12 samples per 
bar.Mechanical properties
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Single cycle bending test
Almost all Indonesian plates failed at a lower load than the standard plate, and after including 
the	area	of	moment	of	inertia	the	results	showed	that	all	Indonesian	plates	were	significantly	
weaker than the standard plate, as shown in Figures 8 and 9. 
Figure 8. Proportional load limit of the plates from manufacturers A, B, C, D, and of standard 
plates (S) with error bars denoting standard deviations from 10 samples per bar.
Figure 9. Proportional bending stress limit of the plates from manufacturers A, B, C, D and of 
standard plates (S) with error bars denoting standard deviations from 10 samples per bar.Chapter 3
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Fatigue test in bending
Indonesian plates showed worse fatigue performance as compared to the standard plate, as 
shown	in	Figures	10	to	15.	All	Indonesian	plates	were	significantly	weaker	than	the	standard	
plate with respect to bending stresses. Fatigue fractures occurred on both side of the holes 
(Figure 16). 
Figure 10. Fatigue limit of the plates from manufacturers A, B, C, D and of standard plates 
(S).
Figure 11. Fatigue bending stress limit of the plates from manufacturers A, B, C, D, and of 
standard plates (S).Mechanical properties
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Figure 12.  Wohler curve of the plates from manufacturers A, B, C, D, and of standard plates (S).
Figure 13. Wohler curve for the plates from manufacturers A, B, C, D, and for standard plates 
(S) corrected for the area moment of inertia.Chapter 3
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Figure 14.  Trend lines of the fatigue limits of the plates from manufacturers A, B, C, D, and 
of standard plates (S).Mechanical properties
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Figure 15. Trend lines of the fatigue limits of the plates from manufacturers A, B, C, D, and 
of standard plates (S) corrected for the area moment of inertia.
Figure 16. Fatigue fracture of the plates; photos 1-2: standard plate, photos 3-8: Indonesian 
plates.Chapter 3
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Metallographic examination
Microstructures of the plates are shown in Figure 17. The microstructure of the standard plates 
showed a large number of lines visible in every lattice which indicates cold deformation prior 
to manufacturing. This indication was not found in Indonesian plates. The average grain 
sizes	and	SD’s	are	shown	in	Table	5.	The	standard	plate	showed	higher	grain	sizes	than	the	
Indonesian plates (p = 0.02).
Table 5.  Average grain size (and SD) of the plates from manufacturers A, B, C, D, and of 
standard plates (S).
Manufacturer Grain size (µm)
S 32 (19)
A 26 (6)
B 19 (3)
C 19 (9)
D 16 (1)Mechanical properties
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Figure 17: Microstructure of plates from manufacturers A, B, C, D and of standard plates 
(S).Chapter 3
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Hardness measurement
The	standard	plates	were	significantly	harder	than	the	Indonesian	plates	(p	=	0.02).	The	
average hardness values ares shown in Table 6. 
Table 6.  Average hardness (and SD) of plates from manufacturers A, B, C, D, and of standard 
plates (S).
Manufacturer Hardness value 
S 332 (21)
A 202 (22)
B 212 (21)
C 206 (21)
D 206 (23)
DISCUSSION 
Low costs Narrow Dynamic Compression Plates produced in Indonesia are not often used. 
When the quality of local products is proven, the reluctance to use local products by surgeons 
from developing countries may disappear and larger scale production can be initiated. In this 
study the mechanical properties of plates from four Indonesian companies were compared 
with the mechanical properties of the standard AO-plate (S).
Surface defects
LPI with visible dye and visual inspection revealed the presence of defects with their location 
mainly at the inner side of the holes. Less prominent irregularities were found on the lateral 
side	and	on	the	concave	bottom	side.	This	reflects	the	quality	of	surface	finishing	of	an	
individual	plate.	Clear	differences	in	surface	finishing	were	also	observed	between	plates	from	
different manufacturers. The main problem with polishing was found in the plate holes and 
in the grooves at the end of the plates which represent a weak step in the production process, Mechanical properties
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most likely due to the use of inappropriate polishing tools by Indonesian manufacturers. 
These defects were found consistently at different locations from the crack initiation sites in 
fatigue fracture, as the fatigue cracks originated on a weak spot in geometry, i.e. very close 
to the widest part of the hole of the plate. Apparently the initiation of failure due to stress 
concentration at the sites of the holes is dominant over the initiation by surface defects.
Geometry
Indonesian plates have a wider range in geometry than the standard plate. The width next 
to a hole in Indonesian plates was found to vary largely, indicating that the position of the 
hole varied. Also the overall geometry differed between the Indonesian manufacturers. This 
difference necessitated the determination of the area moment of inertia to correct the fatigue 
data for these geometrical differences. 
Mechanical properties
For single cycle and fatigue evaluation in a bending mode, ISO 9586 and ASTM F382-99 
were followed for 4-point bending, although 4-point bending is not an actual representation 
of	the	clinical	situation.	Also	the	influence	of	loading	by	screws	is	not	included.	However,	we	
decided to follow these standards for reasons of standardisation. In the single cycle bending 
test, all Indonesian-made plates failed consistently at a lower stress as compared to the 
standard plate. In fatigue bending, all Indonesian plates failed at a lower stress as compared 
to the standard plate. These results of the mechanical test thus showed that Indonesian plates 
are biomechanically weaker. 
Austenitic metals like 316L ordinarily posses a fatigue limit15. A specimen can endure an 
infinite	number	of	cycles	with	a	load	below	this	limit	without	failure.	Such	a	limit	is	not	
clearly seen in the Wohler curves in Figures 9 or 10. It is unlikely that such a limit does not 
exist in Narrow DCPs. Most likely the limit is above the number of cycles performed (3 x 
106). Fatigue literature suggests that at least 107 cycles to failure are necessary in rotating 
bending tests15, 16. However, we decided to use 3 x 106 cycles as fatigue endurance limit. This 
number of cycles is already six times more than needed for normal bone healing4. This safety 
factor of six amply accommodates with cases of abnormal bone healing, due to complicated 
fractures, mal- or non-union, and thus represents actual clinical situation. Chapter 3
50
Metallographic examination and hardness measurement
Metallographic examination revealed indications of cold deformation in standard plates, 
which explains their higher hardness and better strength. Indonesian plates showed a smaller 
grain size. Since smaller grains should theoretically yield better material strength, the effect 
of cold deformation on hardness and strength in standard plates appears to be stronger than 
the effect of a larger grain size10.
Overall evaluation
The result of the fatigue test of Indonesian-made plates showed that those were less good 
than the standard plate. From the results from measurements that were performed we can 
derive three causes. First cause is the material that is used; AO-plates are made from stainless 
steel 316 LVM (vacuum melted, implant grade), whereas Indonesian plates are made from a 
stainless steel of a lesser quality. Through the analysis of the material composition, it seems 
as if all Indonesian plates are made from stainless steel 316L, an inferior form of 316 LVM 
most probably used by the AO (Standard plate) 
Second cause is the manufacturing process. The manufacturing process of a particular narrow 
DCP in Indonesia uses simple machinery. Raw material in the form of a pipe instead of sheet 
was cut through to get the curvature form of the plate. The production methods of the Swiss 
AO	plate	are	kept	secret.	But	most	probably	they	use	a	flat	plate	that	is	forced	into	a	curved	
shape by cold deformation. Grain orientation and micro hardness support this theory. Cold 
deformation will increase the strength of the plate.
Third  cause  is  the  poor  reproducibility  of  the  manufacturing  process.    The  Indonesian 
plates show a great diversity in dimensions. We corrected the fatigue results for the overall 
dimensions, but could not correct the results for the positioning of the holes. The large 
eccentricity of the holes, as found in the Indonesian plates, will decrease the strength of a 
plate.Mechanical properties
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CONCLUSION
All  Indonesian-made  plates  are  weaker  than  the  standard  Narrow  DCP  because  they 
consistently failed at lower stresses. Surface defects did not play a major role in this, although 
the polishing of the Indonesian Narrow DCP was found to be poor. Geometry of the plates 
of the different manufacturers varied considerably, which partly explains the differences in 
strength. The standard plate also showed indications of cold deformation from the production 
process in contrast to the Indonesian plates, which might be a second reason for the differences 
in	strength.	This	is	confirmed	by	the	hardness	measurements.	A	third	reason	could	be	the	
use of an inferior version of stainless steel 316. Mechanical properties of Indonesian-made 
Narrow DCPs therefore do not meet the AO standard. Chapter 3
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INTRODUCTION
Osteosynthesis	plates	used	for	fracture	fixation	need	to	have	a	high	strength,	mainly	with	
respect  to  fatigue,  ductility  and  toughness  in  order  to  withstand  severe  cyclic  loading 
conditions produced by muscle contractions and total body weight until the bone has healed 
completely1,2,3,4. Stainless steel 316 L is the most widely used material for osteosynthesis 
plates  due  to  its  proven  biocompatibility,  combined  with  good  strength,  ductility,  cost 
effectiveness and ease of fabrication5. The Narrow Dynamic Compression Plate (DCP) is one 
of the most widely used osteosynthesis plate for fracture treatment in Indonesia. In clinical 
practice, plate failure does happen, either due to malpractice in the rehabilitation process 
or due to the weakness of a plate6,7,8. In our limited retrieval study on explanted Indonesian-
made plates (see Chapter 1), 14% were found to have failed during service. Fatigue testing of 
Indonesian-made plates showed that they were weaker than the standard plate (see Chapter 3). 
This could be caused by:
-  The material used; AO-plates are made from stainless steel 316 L implant grade,  whereas 
Indonesian plates are made from a stainless steel of different and possibly varying 
composition. 
-  The type of manufacturing process. The manufacturing process of a particular narrow 
DCP in Indonesia uses simple machinery. Raw material in the form of a pipe instead of 
sheet was cut through to get the curvature form of the plate. The production methods of 
the	Swiss	AO	plate	are	kept	secret,	but	most	probably	they	use	a	flat	plate	that	is	forced	
into a curved shape by cold deformation. Grain orientation and micro hardness support 
this theory. Controlled cold deformation will increase the strength of the plate.
-  A poor reproducibility of the manufacturing process. Indonesian plates show a great 
diversity in dimensions. We corrected our fatigue evaluations for the overall dimensions, 
but could not correct the results for the positioning of the holes. The large eccentricity of 
the holes, as found in Indonesian plates, will decrease the strength of a plate.
Considering the above, it is necessary to improve the strength and variance of Indonesian-
made plates. Metals can be strengthened either by mechanical deformation (cold work) or 
heat treatment. Heavy deformation is one of the conventional ways of cold work which 
can	strengthen	the	metal	through	refinement	of	its	microstructure9. Heat treatment such as 
annealing can create a more ductile characteristic of a metal5. The most recent improvement Redesign
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is the emergence of nanocrystalline materials. According to the relation between mechanical 
properties and observed grain size (the Hall-Petch relationship), a nanostructured material 
will have greatly enhanced mechanical properties compared to larger grained counterparts. 
Ultrafine-grained	 bulk	 material	 can	 be	 produced	 by	 several	 non-conventional,	 plastic	
deformation techniques such as torsion straining under high pressure and equal channel 
angular	pressing,	but	there	is	a	controversy	of	this	ultrafine-grained	bulk	for	being	inferior	in	its	
fatigue strength compared to a coarse-grained bulk, and the production of bulk nanocrystalline 
materials	is	inefficient10,11,12. Due to the presence of large numbers of imperfections on the 
surface and occurrence of high stresses under loading conditions, failure often starts at the 
surface.	Surface	modification	by	creating	a	nanostructured	surface	layer	could	therefore	be	
expected to improve the mechanical properties of a material, especially the fatigue mode. 
Refinement	of	the	grain	size	on	the	surface	only,	without	changing	the	structure	of	the	
coarse-grained matrix, can be done either by using shot peening or a recently developed 
surface mechanical attrition treatment (SMAT). These treatments basically transform the 
microstructure of the surface into nano-sized crystallites by introducing a large amount of 
defects	and/or	interfaces	into	the	surface	layer13,14,15. In the shot peening method, a stream 
of spherical particles with sizes between 0.25-1 mm is blasted against the work piece with 
impact	velocities	between	20-150	m/s,	whereas	in	the	SMAT	method,	balls	are	used	with	the	
diameter	between	3-10	mm	with	impact	velocities	between	5-15	m/s16.
The	aim	of	this	study	was	to	test	the	efficacy	of	improving	the	mechanical	performance	
of Indonesian-made narrow DCP by redesigning the manufacturing process and by surface 
mechanical treatment of the material applied.
MATERIALS AND METHODS
Materials
The following groups of plates were used in the experiments:
1.  20 Narrow DCP 6 holes plates from Indonesian manufacturer A
2.  20 Narrow DCP 6 holes plates from Indonesian manufacturer A, SMAT-treated
3.  20 Narrow DCP 6 holes plates from Indonesian manufacturer B 
4.  20 Narrow DCP 6 holes plates from Indonesian manufacturer B, SMAT-treated 
5.  20 Narrow DCP 6 holes plates from Indonesian manufacturer B, shot peened Chapter 4
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6.	 20	Narrow	DCP	6	holes	plates	from	Mathys	/	Synthes	as	the	standard	plate	(S).	
A transversal cut of the minimum cross section was made and used to determine the cross 
sectional area and the area moment of inertia of plate from each manufacturer.
Shot peening
Ten plates from manufacturer B were sent to Metal Improvement Company in Belgium to 
undergo shot peening. 
Surface mechanical treatment with SMAT Method
A	reflecting	chamber	for	SMAT	treatment	was	developed	in	The	Department	of	Mechanical	
and Industrial Engineering, Faculty of Engineering, University of Gadjah Mada, Jogjakarta, 
Indonesia as shown in Figure 1.
Figure	1.	Schematic	representation	of	the	reflecting	chamber	for	SMAT.
Ten plates from manufacturer B and twenty plates from manufacturer A were placed in the 
reflecting	chamber	together	with	3.5	mm	diameter	spherical	steel	balls.	The	chamber	was	
then vibrated with a rotating motor through a cam system with a frequency of 1480 Hz and 
amplitude of 2 cm for 15 min to each side of the plate. After this mechanical treatment, all 
plates were mechanically tested with single cycle bending test and a fatigue test in bending 
mode. Redesign
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Mechanical test
Single cycle bending test
Single cycle bending was performed to determine the yield strength. The tests were performed 
using a 4-point bending test setup (Figure 2) designed according to the ISO 9585: 1990 
and ASTM F382-99 standards. The setup was installed in a Dyna-mess tensile test machine 
(Dyna-mess	Prufsysteme	GmbH	Aachen/Stolberg	Germany,	maximum	load	5	kN,	maximum	
frequency 10 Hz) with accompanying software. These tests were performed with 10 plates 
per group.
The tensile test machine provided an upward movement as suggested by the ISO 9585: 
1990 and ASTM F382-99 standards. Fixation of the bone plate to a roller at one side of the 
setup prevented horizontal movement of the plate, while roller bearings reduced friction. 
The	bone	plate	was	immersed	in	phosphate	buffered	saline	(PBS)	(NaCl	8.76	g/l,	K2HPO4 
1.4	g/l,	and	KH2PO4	0.27	g/l	at	pH	to7.4)	kept	at	37oC during measurements. The setup was 
manufactured from 316L stainless steel. To prevent corrosion fatigue of the setup, it was 
cathodically	protected	using	a	Zn	anode.	To	avoid	any	ion	exchange,	the	Zn	anode	was	kept	
in a separate reservoir (Figure 3). Electrical circuit was completed via a salt bridge (PBS + 
1.5% agar). The load was applied until the plate failed. The proportional limit of the plate as 
the reference value was taken as the point where the curve started to deviate from a straight 
line. The results from each manufacturer were averaged. To compensate for the differences 
in geometry, the bending stress was calculated using the moment of inertia. This bending 
stress is an estimate, since the stress concentration is not included in the calculation due to 
the complex shape.  Chapter 4
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Figure 2. Schematic presentation and actual photograph of the four point bending test setup 
for single cycle and fatigue tests. The bone plate is partly visible, partly represented by a 
dotted line.
Fatigue test in bending
The fatigue tests in bending mode were performed on the same Dyna-mess testing machine 
and set-up at a frequency of 5 Hz as the experiments of chapter 3. Ten plates from each 
group were used. The positive and sinusoidal load cycle were chosen such that the minimal 
load was 10% of the maximal load. This minimum load was chosen to keep the bone plate 
loaded continuously and to mimic the muscular forces which are active even in the swing 
phase of walking. The highest maximum load was taken as 95% of the proportional limit. 
Subsequently, the following samples were tested at a continuously decreasing maximum load 
with steps of 5% of the proportional limit. The load where the bone plate could withstand Redesign
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3	million	cycles	was	determined	as	the	fatigue	limit.	This	is	defined	as	the	fatigue	strength.	
Plates from different manufacturers were compared based on the fatigue limit. After the 
fatigue test, the plates were photographed using a digital camera to document the location 
of the fracture.
Figure	3.	Cathodic	protection	of	the	set	up	using	a	Zn	cathode.
Statistics
Results	were	analyzed	using	Statistic	Software	SPSS	version	17.0.	As	the	first	step,	the	
numerical data of the single cycle bending test were analyzed using One-Sample Kolmogorov-
Smirnov Test to determine whether the distribution was normal or not. If the distribution was 
normal, an independent sample t-test was used to compare between the means of two groups. 
Data of the single cycle bending test were also analyzed using Weibull Analysis17,18,19. Data 
of	the	fatigue	test	in	bending	were	analyzed	using	Linear	Regression	Analysis.	Significance	
was	set	at	p	<	0.05	with	confidence	interval	95%.	
RESULTS AND DISCUSSION
Single cycle bending test 
The mean failure-load of shot peened and SMAT-treated plates from manufacturer B (B SP 
and B SMAT) and SMAT-treated plate from manufacturer  A (A SMAT) were found to be 
significantly	higher	than	that	of	the	original	plates	(B	and	A).	(p<0.05).	The	mean	failure-Chapter 4
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load	of	SMAT-treated	plate	from	manufacturer	A	(A	SMAT)	had	significantly	exceeded	the	
mean	failure-load	of	standard	plate	(S)	(p<0.05)	(Figure	4).	The	mean	of	calculated	bending	
stress of shot peened and SMAT-treated plates from manufacturer B (B SP and B SMAT) and 
SMAT-treated	plate	from	manufacturer	A	(A	SMAT)	were	found	to	be	significantly	higher	
than	of	the	original	plates	(B	and	A).	(p<0.05).	Although	the	mean	calculated	bending	stress	of	
SMAT-treated plates from manufacturer A (A SMAT) is lower than that of the standard plates, 
this	difference	is	not	statistically	significant	(p>0.05)	(Figure	5).	The	ratio	of	improvement	
between original and SMAT treated plates were 60 % for plates from manufacturer B and 11 
%	for	plates	from	manufacturer	A.	The	Weibull	analysis	also	confirmed	these	improvements	
of SMAT treated plates (Figure 6 and 7). After incorporating the area moment of inertia as the 
representation of the variation in geometry, the result showed that SMAT-treated Indonesian-
made plates were actually stronger than the original plate without SMAT treatment and 
became comparably strong as the standard plate. These results are in accordance to the recent 
work by Roland et al.15
Figure 4. Proportional load limit as measured from single cycle test of the plates from 
manufacturers B, B shot peened, B SMAT-treated, A, A SMAT-treated and of standard plates 
(S) with error bars denoting standard deviation from 10 samples per bar.Redesign
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Figure 5. Calculated  bending stress of the plates from manufacturers B, B shot peened, 
B SMAT-treated, A, A SMAT-treated and of standard plates (S) with error bars denoting 
standard deviation from 10 samples per bar.
Figure 6. Weibull Analysis of proportional load limit of the plates from manufacturers A, A 
SMAT-treated, B, B SMAT-treated, B shot peened, and of standard plates (S).Chapter 4
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Figure 7. Weibull Analysis of calculated bending stress of the plates from manufacturers A, A 
SMAT-treated, B, B SMAT-treated, B shot peened, and of standard plates (S).
Fatigue Test in Bending
The fatigue limit of shot peened plates and SMAT treated plates were improved with respect 
to untreated plates. The ratio of improvement of SMAT treated plates exceeded that of shot 
peened plates for plates from manufacturer B (27 % and 18 %, respectively). The ratio of 
improvement of SMAT treated plates from manufacturer A was 73 % (see Figures 8 and 
9).	SMAT-treated	Indonesian	plates	and	standard	plates	showed	no	significant	differences	
(p>0.05)	in	fatigue	performance	(see	Figures	10	to	13).	SMAT-treated	Indonesian	plates	
therefore are comparably strong as standard plates with respect to bending stresses. Redesign
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Figure 8. Fatigue limit of the plates from manufacturers B, B shot peened, B SMAT-treated, 
A, A SMAT-treated and of standard plates (S).
Figure 9. Fatigue bending stress limit of the plates from manufacturers B, B shot peened, B 
SMAT-treated, A, A SMAT-treated and of standard plates (S).Chapter 4
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Figure 10. Trend lines of the fatigue limits of the plates from manufacturers B, B Shot peened, 
B SMAT-treated and of standard plates (S). The differences between B and B shot peened, 
B	and	B	SMAT-treated	were	statistically	significant.	The	differences	between	S	and	all	B,	B	
Shot	peened,	B	SMAT-treated	were	statistically	significant	(p<0.05).Redesign
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Figure 11. Trend lines of the fatigue limits of the plates from manufacturers B, B Shot 
peened, B SMAT-treated and of standard plates (S) corrected for the area moment of inertia. 
The differences between B and B shot peened, B and B SMAT-treated were statistically 
significant.	The	differences	between	S	and	all	B,	B	Shot	peened,	B	SMAT-treated	were	
statistically	significant	(p<0.05).Chapter 4
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Figure 12. Trend lines of the fatigue limits of the plates from manufacturers A, A SMAT-
treated and of standard plates (S). The difference between S and A SMAT was statistically 
significant	(p<0.05).	The	difference	between	A	and	A	SMAT	was	statistically	significant	
(p<0.05).Redesign
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Figure 13. Trend lines of the fatigue limits of the plates from manufacturers A, A SMAT-
treated and of standard plates (S) corrected for the area moment of inertia. The difference 
between	S	and	A	SMAT	was	not	statistically	significant	(p>0.05).	The	difference	between	A	
and	A	SMAT	was	statistically	significant	(p<0.05).
CONCLUSION
Mechanical properties of Indonesian plates could be improved by the application of surface 
mechanical attrition treatment (SMAT). The mechanical strength of Indonesian plates, treated 
with  SMAT,  therewith  becomes  comparable  to  the  mechanical  strength  of  the  standard 
plates.Chapter 4
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72Indonesia is known to be one of the disaster-prone countries. Earthquakes cause many victims 
with	musculoskeletal	injuries.	Traffic	accidents	are	increasing	in	Indonesia	as	a	consequence	
of the increase in number and speed of vehicles without an increase in the infrastructures 
and	traffic	management	system.	Also	the	victims	of	these	accidents	suffer	mostly	from	
musculoskeletal injuries. Most people with musculoskeletal injury need orthopaedic surgery 
with	the	use	of	osteosynthesis	plates	to	fix	their	fractured	bones.	Therefore,	the	need	for	
osteosynthesis plates in Indonesia is high. The high demand for osteosynthesis plates can 
not	be	fulfilled	by	import	only,	because	of	their	high	price	as	compared	with	the	income	per	
capita of average Indonesian people. Another problem is import-limitation and distribution 
to provide such a large number of plates, especially during a disaster.
The solution for these problems is clear: manufacturing osteosynthesis plates locally. Locally 
produced osteosynthesis plates do exist from several Indonesian “back yard” manufacturers 
in Bandung, Surabaya, and Jakarta, but are distributed sporadically to orthopaedic surgeons. 
In addition, these locally produced plates have hardly been used because their quality is not 
known	and	has	not	been	scientifically	evaluated.
Our small clinical study revealed that failures during the use of these local plates (Chapter 
1) are most likely caused by the quality of the plates and not by other clinical causes, such 
as the rehabilitation process. Thus the general doubt within the orthopaedic community in 
Indonesia	on	the	quality	of	locally	produced	plates	seems	justified.		Therefore	a	study	was	
initiated to discover the causes for the lower quality of locally produced osteosynthesis plates 
and give possible clues for improvement. 
Good quality of osteosynthesis plates should be judged from various clinically challenges, 
including biological, biomechanical, and metallurgical responses to use.Chapter 5
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Biological responses are related to the reactions that naturally occur at a biomaterial surface 
implanted inside the human body. After implantation of an osteosynthesis plate on bone, the 
plate will become covered by a layer of proteins which is a normal process for a solid surface 
in	contact	with	a	biological	fluid.	Besides	protein	adsorption,	osteoblasts	and	bacteria	will	
attach, which occurs more readily on rough and hydrophilic surfaces than on smooth and 
hydrophobic ones 5,6,7,8. 
The  combination  of  surface  roughness  and  hydrophilicity  will  create  a  surface  that  is 
favoured by living tissue cells and at the same time also by bacteria, which in turn will 
result in a “race for the surface”9,	determining	the	final	fate	of	an	implant,	i.e.	whether	it	
will be accepted by the body through the integration of living tissue or rejected because 
of bacterial colonization. Hydrophilicity or hydrophobicity can be determined by contact 
angle measurements on a surface. A surface with a water contact angle above 60 degrees 
is	generally	considered	hydrophobic.	The	average	diameter	of	bacteria	is	around	1	μm,	and	
therefore	any	surface	with	average	roughness	less	than	1	μm	is	considered	smooth	from	a	
clinical	point	of	view	with	a	small	tendency	to	attract	infectious	bacteria.	Our	first	evaluation	
(Chapter 2) consisted of analysis of the surface properties of Indonesian-made plates which 
revealed that Indonesian plates were equally smooth and hydrophobic as the standard plate. 
This	means	that	the	surface	finishes	of	the	Indonesian	plates	do	not	increase	the	risk	of	
biofilm	formation	and	bacterial	adhesion	as	compared	to	the	standard	plate.	
Biomechanical phenomena are related to the strength of an osteosynthesis plate during its 
service as structural support for the fractured bone during bone healing. The plate should be 
strong enough as a load sharing device during the rehabilitation process until the bone has 
healed. During the rehabilitation process, the construct (in this case the plate, screw, and 
fractured bone) will be subject to several kinds of loading, i.e. bending, axial loading and 
torsion according to the function of the extremity. Among those kinds of loading, bending 
is the most important considering the placement of the plate on the tension side (convex 
side) of the bone surface and the bow-shape of the bone. Cyclic loading applied to the plate-
bone-construct is a result of muscle contraction and weight bearing during gait in the lower 
extremities. This may lead to fatigue failure in the aggressive environment of the human 
body10,11. The strength of plates can be determined by single cycle and fatigue or cyclic 
bending loading according to ISO 9585: 1990 and ASTM F382-99 standards. Indonesian 
plates were clearly found to be less strong than the standard (Chapter 3). This is most General discussion, summary,and conclusions
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probably related to the inconsistency in geometry of the plates with respect the geometry of 
the plate hole. The inconsistency in plate geometry is the result of the lack of a reproducible 
manufacturing process, and again, lack of quality control. A third reason for the inferior 
strength of Indonesian plates is the lack of cold deformation in the manufacturing process. 
Indonesian plates are manufactured out of tube material with a radius that matches the radius 
of the bone plate. Standard plates are made from plate material and forced into a mould 
to obtain the proper radius. This deformation process increases the strength of the plates 
considerably. 
Metallurgical phenomena are related to the chemical composition of the material which 
determines the corrosion resistance of the plate inside the human body. Corrosion resistance 
of stainless steel is determined by its nickel, chromium and molybdenum contents through its 
pitting resistance equivalent (PRE), i.e. %Cr + 3.3 x %Mo12. Chemical composition of plate 
material	can	be	qualitatively	determined	by	SEM/EDX	or	quantitatively	by	spectrometry.	
Indonesian plates are claimed to be manufactured from stainless steel 316 L. Although 
stainless steel 316 L is to some extent known to be corrosion resistant, the effect of different 
manufacturing  processes  on  corrosion  susceptibility  had  to  be  ruled  out  (Chapter  2). 
Indonesian plates from manufacturers B, C and D showed higher susceptibility to corrosion 
as compared to the standard plate, which is clearly related to the chemical composition i.e. 
Cr, Ni and Mo content, of the material used. The composition of the material used varied 
between batches, and some of the manufacturers used stainless steel 304 in some batches 
without realizing it. This indicates that Indonesian manufacturers have serious problems in 
obtaining the proper material which may be due to the lack of quality control or due to 
discrepancies between the information obtain from the supplier of the raw material and the 
actual material delivered to the manufacturer. Widely known implant-grade stainless steel 
316 LVM is in accordance to the ISO and ASTM Standard, but very hard if not impossible 
to get in Indonesia and moreover, also very expensive. Other implant materials, such as 
titanium,	are	also	hardly	available	and	if	so,	the	manufacturers	will	face	more	difficulty	due	
to	the	much	higher	price	and	more	difficult	processing	of	the	material.	Therefore	316	L	is	so	
far the “only” available raw material with the closest chemical composition to the implant 
grade 316 LVM. Orthopaedic surgeons should be aware that this is most likely the material 
used for locally produced osteosynthesis plates. The lower corrosion resistance of Indonesian 
plates will not forbid Indonesian surgeons to use them provided that they are aware of it and Chapter 5
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consider a more careful rehabilitation program for the patient during the healing process 
of the bone. Most importantly, surgeons should consider implant removal as soon as bone 
healing is achieved. 
The	final	goal	of	this	research	was	to	find	ways	to	improve	the	strength	of	Indonesian	plates,	
feasible to be implemented in Indonesia. There are several ways to improve the performance 
of the Indonesian plates:
a.  Increasing  the  size  of  the  plates.  This,  although  it  can  be  easily  done  by  the 
manufacturer, will not be accepted by most surgeons since it will interfere the 
clinical use of the implant, such as in the use of narrow DCP on tibial bone which are 
directly	under	the	skin.	The	thicker	the	plate,	the	more	difficult	to	close	the	wound	
and the more risk of wound break down. 
b.  Using plates that are cold worked. This can be done by manufacturing the plate from 
sheet and then deform them by pressing into a mould. 
c.  Applying Surface Mechanical Attrition Treatment (SMAT). This can be done by 
developing a simple SMAT machine and implementing the treatment to the plate.
d.  Applying shot peening treatment. This treatment needs more sophisticated equipment 
which can hardly be developed by local manufacturers in Indonesia.
The	best	option	is	the	application	of	cold	work	and/or	SMAT,	because	those	are	likely	to	
be  implemented  by  Indonesian  manufacturers  with  available  resources. To  improve  the 
strength	of	the	Indonesian	plate,	a	simple	SMAT	machine	in	the	form	of	reflecting	chamber	
was develop and applied to Indonesian plates from 2 manufacturers (Chapter 4). The result 
showed that the failure load and fatigue performance of SMAT treated Indonesian plates had 
significantly	increased	and	became	comparably	strong	as	the	standard	plate	with	respect	to	
bending	stresses.	Weibull	analysis	also	confirmed	these	improvements.		
To summarize, the following recommendations to Indonesian manufacturers results from 
this thesis: 
a.  Use proper raw material, at least stainless steel 316L, but preferably 316 LVM, 
according to ASTM F138. 
b.  Introduce a reproducible manufacturing process to acquire a consistent geometry of 
the plate, especially with regard to the location of the holes in the plate.
c.	 Use	flat	batch	material	that	is	forced	into	the	proper	shape	to	increase	the	strength	by	
cold work. General discussion, summary,and conclusions
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d.  Include SMAT in the manufacturing process to acquire stronger plates.
e.  Good quality control
Recommendations  to  orthopaedic  surgeons  especially  Indonesian  orthopaedic  surgeons 
following from this thesis:
a.	 Orthopaedic	surgeons	should	use	locally	produced	plates	that	fulfil	the	manufacturing	
requirements, as mentioned above.
b.  When using locally produced plates, orthopaedic surgeons should follow a careful 
and controlled rehabilitation program under close clinical and radiological evaluation. 
Only	when	sufficient	callus	formation	is	observed	radiologically,	progressive	weight	
bearing may be commenced. 
c.  Orthopaedic surgeons should always consider clinical measures to facilitate rapid 
bone healing, i.e.:
•  By preserving periosteum (as the main source of vascularity to the bone) as 
much as possible during surgery.
•	 By	applying	the	liberal	use	of	bone	graft	in	conditions	with	any	bone	defect	/	
bone loss.
d.  Orthopedic surgeons should always consider removal of locally produced plates, as 
soon as bone healing is achieved.     
In conclusion, this study shows that it is possible to manufacture an osteosynthesis plate 
in Indonesia with simple means, possessing a quality that is comparable to the standard 
plate. The proof of the pudding, however, will be a larger clinical study with these improved 
plates. 
 Chapter 5
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12. Disegi JA, Eschbach L. Stainless steel in bone surgery. Injury. 2000; 31 suppl 4: 2-6.In  Indonesië  veroorzaken  aardbevingen  en  vulkaanuitbarstingen  veel  slachtoffers  met 
botbreuken. Ook het verkeer in Indonesië eist zijn tol als gevolg van de toename van het 
aantal  en  de  snelheid  van  voertuigen  zonder  een  verbetering  van  de  infrastructuur.  De 
slachtoffers van deze ongevallen hebben vaak (gecompliceerde) botbreuken. De meeste van 
deze slachtoffers moeten een operatie ondergaan om met behulp van osteosynthese-platen 
hun	botdelen	te	fixeren.	Daarom	is	de	vraag	naar	osteosynthese-platen	in	Indonesië	groot.	
Het importeren van osteosynthese-platen is nauwelijks mogelijk door de relatief hoge prijs. 
Een ander probleem is de distributie van deze platen, vooral tijdens een natuurramp. 
De oplossing voor deze problemen is duidelijk: lokale productie van osteosynthese-platen. 
Dit gebeurt al door verschillende Indonesische fabrikanten in Bandung, Surabaya en Jakarta. 
Deze platen worden echter nauwelijks gebruikt omdat de kwaliteit ervan onbekend is en niet 
wetenschappelijk geëvalueerd.
Uit een pilot klinische studie bleek dat het falen van deze platen zeer waarschijnlijk veroorzaakt 
is door de kwaliteit van de platen en niet door klinische oorzaken, zoals het revalidatieproces 
(hoofdstuk 1). De algemene twijfel binnen de orthopedische gemeenschap in Indonesië over 
de kwaliteit van lokaal geproduceerde platen lijkt dus gerechtvaardigd. Daarom werd een 
studie gestart om de oorzaken te ontdekken van de lagere kwaliteit van lokaal geproduceerde 
osteosynthese-platen en om suggesties voor verbetering te geven. 
Kwaliteit van osteosynthese-platen wordt bepaald door de weerstand tegen de biologische en 
biomechanische belasting. De osteosynthese-plaat van Synthes treedt op als gouden standaard. 
De biologische belasting bestaat uit de reacties die van nature optreden bij een implantaat. Als 
eerste zal een osteosynthese-plaat worden bedekt door een eiwitlaag. Vervolgens zullen er 
osteoblasten	en	bacteriën	hechten;	dit	gaat	eenvoudiger	op	ruwe	en	hydrofiele	oppervlakken	
dan op gladde en hydrofobe oppervlakken. De aard van het oppervlak bepaalt dus mede of het Chapter 6
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wordt geïntegreerd in het lichaam of wordt afgewezen, omdat er een bacteriële kolonisatie 
heeft plaatsgevonden, Hydrofobiciteit kan worden bepaald door contacthoekmetingen op 
een oppervlak. Is de contacthoek meer dan 60 graden, dan wordt het oppervlak algemeen 
beschouwd als hydrofoob. 
De gemiddelde diameter van bacteriën is ongeveer 1 micrometer, en dus elk oppervlak met 
een gemiddelde ruwheid van minder dan 1 micrometer wordt beschouwd als glad met een 
kleine neiging om bacteriën aan te trekken. 
De  oppervlakte-eigenschappen  van  Indonesische  platen  is  in  hoofdstuk  2  geanalyseerd.   
De Indonesische platen bleken even glad en hydrofoob als de standaard plaat van Synthes. 
Het	oppervlak	van	Indonesische	platen	verhoogt	het	risico	op	biofilmvorming	en	bacteriële	
hechting niet ten opzichte van de standaard plaat.
Of een osteosynthese-plaat de biomechanische belasting aankan, wordt bepaald door zijn 
sterkte en stijfheid gedurende zijn dienst als structurele steun voor het gebroken bot tijdens 
botgenezing. Tijdens dit proces van revalidatie wordt de botplaat onderworpen aan een buig-, 
torsie- en axiale belasting. Het weerstaan van de buigbelasting zal de grootste uitdaging zijn, 
gezien de verwachte druk- en trekspanningen. Tijdens lopen is deze belasting het hoogst. 
Omdat deze buigbelasting cyclisch van aard is, kan dit leiden tot een vermoeiingsbreuk in de 
agressieve omgeving van het menselijk lichaam. De sterkte van de platen is daarom bepaald 
door een standaard trekproef en een cyclische buigtest volgens de ISO 9585:1990 en ASTM 
F382-99-normen. 
Indonesische platen bleken duidelijk minder sterk te zijn dan de standaard plaat (hoofdstuk 
3).  Verschillende  oorzaken  zijn  geanalyseerd:  geometrie,  materiaalsoort,  kwaliteit  en 
reproduceerbaarheid van het fabricageproces en de corrosieweerstand. 
Het falen van de Indonesische platen heeft zeer waarschijnlijk twee oorzaken: als eerste is 
er een inconsistentie in de geometrie van de platen geconstateerd, met name in de geometrie 
van de gaten. Dit is het gevolg van een slechte reproduceerbaarheid van het fabricageproces 
door een gebrek aan kwaliteitscontrole. Een andere reden voor het falen van Indonesische 
platen is gelegen in de aard van het fabricageproces. Indonesische platen zijn vervaardigd 
uit buismateriaal om de gewenste kromming in de plaat te realiseren. De platen van Synthes 
zijn gemaakt uit plaatmateriaal en ze worden in een mal gedeformeerd om de juiste radius 
te  verkrijgen.  Dit  vervormingsproces  verhoogt  de  sterkte  van  de  platen  aanzienlijk.  De 
chemische samenstelling van de plaat beïnvloedt de weerstand tegen corrosie van de plaat in 
het menselijk lichaam. De corrosieweerstand van roestvast staal wordt beïnvloed door zijn Samenvatting
81
gehalte aan nikkel, chroom en molybdeen en wordt bepaald via de weerstand tegen pitting. De 
chemische	samenstelling	van	het	plaatmateriaal	kan	kwalitatief	worden	bepaald	door	SEM	/	
EDX of kwantitatief met behulp van spectrometrie. Indonesische platen worden vervaardigd 
uit roestvast staal 316 L. Hoewel roestvast staal 316 L goed corrosiebestendig is, heeft de 
aard van het productieproces invloed op de corrosiegevoeligheid. De corrosiegevoeligheid 
is daarom onderzocht in hoofdstuk 2. Indonesische platen van fabrikanten B, C en D bleken 
gevoeliger te zijn voor corrosie dan de standaard plaat. Dit was duidelijk gerelateerd aan de 
variatie in chemische samenstelling, met name de hoeveelheid nikkel, chroom en molybdeen. 
Sommige fabrikanten gebruikten het inferieure roestvast staal 304 zonder het te beseffen. Dit 
geeft aan dat controle op het verkrijgen van het juiste materiaal noodzakelijk is. Bovenden 
wordt de standaard plaat vervaardigd uit het superieure roestvast staal 316 LVM. Dit is echter 
zeer moeilijk verkrijgbaar in Indonesië en bovendien ook erg duur. De lagere weerstand tegen 
corrosie van de Indonesische platen betekent, dat Indonesische chirurgen het implantaat zo 
spoedig na botgenezing moeten verwijderen.  
Het uiteindelijke doel van dit onderzoek was om manieren te vinden om de sterkte van de 
Indonesische platen te verbeteren. Er zijn verschillende manieren gevonden om de prestaties 
van de Indonesische platen te verbeteren:
a.  Het vergroten van de platen. Hoewel dit eenvoudig kan worden gedaan door de fabrikant, 
zal het niet worden geaccepteerd door de chirurgen, aangezien dit klinische complicaties 
kan geven, bijvoorbeeld bij het gebruik op het scheenbeen, dat direct onder de huid ligt. 
Hoe dikker de plaat is, des te moeilijker de wond te sluiten is en hoe groter het risico op 
complicaties is. 
b.  Toepassen van het kouddeformatieproces door de plaat te produceren uit plaatstaal en 
vervolgens te deformeren in een mal. 
c.  De toepassing van Surface Mechanical Attrition Treatment (SMAT). Dit kan gedaan 
worden door het ontwikkelen van een eenvoudige SMAT-machine en de platen hierin te 
behandelen.  
d.  De  toepassing  van  een  shotpeening  behandeling.  Deze  behandeling  vereist  meer 
geavanceerde apparatuur, die echter moeilijk door de lokale producenten in Indonesië 
kunnen worden ontwikkeld De beste optie is de toepassing van kouddeformatie en 
SMAT,  omdat  die  kunnen  worden  uitgevoerd  met  de  beschikbare  middelen  van  de 
Indonesische fabrikanten. Een eenvoudige SMAT-machine is ontwikkeld en toegepast 
op Indonesische platen van twee fabrikanten (hoofdstuk 4). Het resultaat toonde aan dat Chapter 6
82
de sterkte van deze met SMAT behandelde Indonesische platen sterk was toegenomen en 
vergelijkbaar werd met de standaard plaat.
Samengevat zijn de aanbevelingen aan de Indonesische producenten: 
a.  Gebruik de juiste grondstoffen, ten minste roestvast staal 316L, maar bij voorkeur 316 
LVM, volgens ASTM F138. 
b.  Introduceer een reproduceerbaar fabricageproces om een consistente geometrie van de 
plaat te realiseren, in het bijzonder met betrekking tot de locatie van de gaten in de 
plaat.
c.  Maak  gebruik  van  plaatmateriaal  dat  met  kouddeformatie  in  de  juiste  vorm  wordt 
gebracht.
d.  Pas SMAT toe in het productieproces om sterkere platen te verkrijgen. 
e.  Introduceer een adequate kwaliteitscontrole. 
Aanbevelingen aan Indonesische orthopedische chirurgen volgend uit dit proefschrift: 
a.  Gebruik lokaal geproduceerde platen die de productie-eisen, zoals hierboven vermeld, 
vervullen. 
b.  Volg een zorgvuldig revalidatieprogramma onder nauwlettende klinische en radiologische 
evaluatie. Alleen wanneer er radiologisch voldoende callusvorming wordt waargenomen, 
is een progressieve belasting mogelijk. 
c.  Overweeg klinische maatregelen om een snelle botgenezing te vergemakkelijken: 
•  behoud het periosteum (als de belangrijkste bron van vascularisatie van het bot) zo 
veel mogelijk tijdens de operatie. 
•  gebruik voldoende bottransplantaat bij een botdefect of bij botverlies.
d.  Overweeg  het  verwijderen  van  lokaal  geproduceerde  platen,  zodra  botgenezing  is 
bereikt. 
  Tot slot, dit onderzoek toont aan dat het mogelijk is om met eenvoudige middelen een 
osteosynthese-plaat in Indonesië te vervaardigen met een kwaliteit die vergelijkbaar 
is met de standaard plaat. Het uiteindelijke bewijs zal echter met een klinische studie 
moeten worden geleverd.83
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